Microstructural design for improving the strength-toughness balance was studied in low-alloy steel. High-strength medium-carbon steels with an ultrafine elongated grain (UFEG) structure with an average transverse grain size of 0.3 m and an ultrafine equiaxed grain (UFG) structure with a grain size of 0.7 m were fabricated by multi-pass caliber rolling at a warm working temperature and subsequent annealing. For comparison, conventionally quenched and tempered steel with a martensitic structure and a 480 MPa-class low-carbon steel with a ferrite (grain size 20m)-pearlite structure were also prepared. A quasi-static three-point bending test was conducted at a temperature range from 200°C to -196°C. The steels, except for the UFEG steel, exhibited a typical energy transition curve, in which the fracture energy decreases with decreasing temperature. In the UFEG steel, the fracture energy increased with the occurrence of delaminating cracks as the temperature decreased from 200°C, reached a maximum at ambient temperature, and then decreased. In other words, the steel showed inverse temperature dependence of the toughness. As a result, the strengthtoughness balance of the UFEG steel was excellent compared with that of all other steels. For stronger, tougher steel, it is important to design a heterogeneous microstructure rather than a homogeneous microstructure.
Introduction
Structural metallic materials are usually used for key components with the highest requirements for reliability, durability, and safety. However, generally, the toughness of materials decreases with increasing strength. It was believed that refinement of crystal grains is an effective method for developing strength and toughness in metallic materials without the addition of alloying elements. However, although materials with ultrafine-grained (UFG) structures lead to higher strength on the basis of the Hall-Petch relation, they do not always lead to the improvement of toughness (Bourell (1983) , Karimpoor et al. (2007) , Hohenwarter et al. (2010) , Toker et al. (2012) ). Hence, a microstructural design to improve the strength-toughness balance is sought, as well as a fabrication process for materials with such microstructures.
Since a large strain is needed to create a UFG structure, it is very difficult to fabricate bulk samples with this structure. In Hayashi and Nagai (2002) , Inoue et al. (2010) , warm caliber rolling (WCR) has been proposed as a deformation process to fabricate bulk UFG bars with a length of over 1000 mm, and this process has already been reported to be effective for producing various metallic materials with UFG structures by various researchers: Lee et al. (2011) , Oh et al. (2011 ), Zhao et al. (2011 , Doiphode et al. (2013) . We (Kimura et al. (2008) , Inoue et al. (2012) ) developed stronger, tougher steel with ultrafine elongated grain (UFEG) structures, i.e., fail-safe steel, through a multi-pass WCR process. In fail-safe steel, the strengthening is attributed to UFEG structures with nanometer-sized carbides, and the toughening is attributed to extrinsic fracture mechanisms of the crack-arrester type (Inoue et al. (2010) ). The extrinsic fracture mechanisms, i.e., crack branching were observed in the Charpy impact test with V-notched samples and a quasi-static three-bending test with initial notch samples. In particular, the Charpy-absorbed energy, vE, of 1800 MPa-class fail-safe steel increased significantly as the temperature decreased from 60°C and reached a maximum in the temperature range of -20°C to -60°C. In other words, the fail-safe steel showed inverse temperature dependence of the impact toughness. However, this behavior was not verified under static conditions. Furthermore, the property of toughness is sensitive not only to the size of the crystal grains but also to their orientation and shape. It is of interest to systematically study the strength-toughness balance on the static fracture toughness in the fail-safe steel and the effect of microstructural features with respect to its balance.
In the present study, low-alloy steels with an ultrafine elongated grain (UFEG) structure and an ultrafine equiaxed grain (UFG) structure were fabricated by multi-pass WCR and subsequent annealing. For comparison, two conventional steels, medium-carbon steel with a martensitic structure and low-carbon steel with a ferrite-pearlite structure, were also prepared. A quasi-static three-point bending test was conducted at a temperature range from 200°C to -196°C, and the effect of the heterogeneous microstructure was examined based on the strength-toughness balance as well as fracture behavior.
Experimental
A low-alloy steel with a chemical composition of 0.39 C, 2.01 Si, 1.02 Cr, 1.0 Mo, 0.21 Mn, < 0.001 P, < 0.001 S, 0.004 Al, 0.0022 N, 0.001 O, and the balance Fe (all in mass%) was used in this study. A 40  40  120 mm 3 block was solution-treated at 1200°C for 1 h to reduce undissolved carbide particles and then hot-rolled into a rectangular bar of about a 31  31 mm 2 cross section, followed by water quenching. The quenched bar was tempered at 500°C for 1 h and then subjected to a two-high caliber-rolling simulator with square grooves (Inoue et al. (2007) ), as shown in Fig. 1(a) . Full details of the procedures for WCR were given earlier (Inoue et al. (2012) ). As a result, a rolled bar, 14.3 mm square and 930 mm long, was produced. Hereafter, this sample is designated as the TF sample. To clarify the shape effect of crystal grains on the strength-toughness balance, the TF sample was annealed at 700°C for 1 h (Kimura et al. (2008) ). Hereafter, this sample is designated as the TFA sample. For comparison, two conventional steels were prepared. One is quenched and tempered steel (QT sample) with a martensitic structure. Another is low-carbon steel (SM490 sample) with a ferrite-pearlite structure. To obtain the QT sample, a normalized bar was solution-treated at 950°C for 0.5 h, followed by oil quenching. Next, the bar was tempered at 773 K for 1 h and then water-cooled. The SM490 sample with a chemical composition of 0.15 C, 0.3 Si and 1.5 Mn was heated to 900°C and held for 1 h, followed by air cooling (Inoue et al. (2009) ). The principal axes of the rolled bar in this study are defined as shown in Fig. 1(a) . The axis corresponding to the rolling direction is defined as RD, the one in the direction of the main working force at the final pass is ND, and the one that is normal to RD and ND is defined as TD. Note that the loading direction (LD) in the three-point bending test has an angle of 45 to the ND and TD, i.e., LD//TD2. Microstructures in the cross-sectional plane parallel to the RD were observed using the electron backscattered diffraction (EBSD) method. All mechanical test samples were taken from the center of the RD plane, as shown in Fig. 1(b) . Tensile tests were conducted with a crosshead speed of 0.85 mm min 1 using specimens with a round cross section of 6 mm and a gage length of 30 mm. To prepare single-edge bend specimens in a three-point bending test, rectangular bars of 10W ×10B ×55L mm were first machined along the RD, and then a notch with a depth of a 0 =5 mm and a root radius of 0.13 m was introduced using electro-discharge machining. A three-point bending test with a support distance of 40 mm at a crosshead speed of 0.5 mm min 1 was conducted at a temperature range of 200°C and -196°C. The test was terminated when the specimen fractured completely or the displacement reached 10 mm. The load-displacement response was recorded with a time step of 0.05 s. Nonlinear fracture mechanics methods based on ASTM Standard E1820-01 were used to evaluate the fracture toughness. The apparent fracture energy, J, was calculated using the following formula:
where A pl is the area under the load P displacement u curve, B is the specimen width, b is the ligament length (Wa 0 ) and u F denotes the displacement at which the test was terminated. Figure 2 shows the EBSD maps for the QT, TF and TFA samples and an SEM image for the SM490 sample. Compared with the QT sample with a martensitic structure of a random crystallographic orientation shown in Fig. 2(a) , the TF and TFA samples were dominated by an -fiber texture parallel to the RD (RD//<110>) regardless of the annealing treatment, as shown in Figs. 2(b, c) . There are no significant differences in texture between the TF and TFA samples. The {100}<110> texture and the {110}<110> texture that caused delamination by crack branching were produced in the rolled bars (Inoue and Kimura (2013a) ). The average of transverse linear interceptions for the elongated grains with misorientation angles of more than 10° and 15° in the TF sample was 0.31 m and 0.33 m, respectively. Moreover, spheroidal nanometer-sized carbide particles of 50 nm and below were dispersed in the elongated grain matrix. The TFA sample resulted in the development of a granular grain structure. The average transverse size of the ferrite grains with misorientation angles of more than 10° and 15° increased to 0.66 m and 0.72 m, respectively, in response to the growth of the carbide particles. Relatively large carbide particles (200 ~ 300 nm) appeared to exist on the grain boundaries, while finer carbide particles were dispersed in the grain matrix. In the SM490 sample, the average size of the ferrite grain in Fig. 2(d) was approximately 20m (Inoue and Kimura (2013b) ]. Figure 3 shows the yield strength,  ys , and the fracture energy, J, as a function of the test temperature for all samples and Figure 4 shows the P  u curves and appearances of the samples at ambient temperature. In Fig. 3(a) , the  ys was evaluated by the 0.2% offset yield strength. As is well-known, the  ys increases with decreasing temperature. In particular, the TF sample shows ultra-high strength of  ys =2300 MPa at -196°C. In Fig. 3(b) , the samples except for the TF sample exhibited a typical energy transition curve, in which the J decreases with decreasing temperature. It is found that the J of the QT sample is very low regardless of temperature and the sample exhibited catastrophic fracture, i.e., typical brittle fracture behavior. On the other hand, the TFA sample with UFG structures and the SM490 sample exhibited typical ductile fracture behavior. It is interesting that the energy transition curve of the TFA sample is very similar to that of the SM490 one exhibiting a ductile-to-brittle transition from -40°C to -100°C, although the J of the TFA sample is lower than that of the SM490 one due to a difference in strength. This result suggests that it is difficult to improve static toughness by grain refinement only. In the TF sample with UFEG structures, the J increased remarkably as the temperature decreased from 200°C, reached a maximum at ambient temperature and then decreased. In other words, the steel showed inverse temperature dependence of the toughness, like unusual behavior in the impact toughness reported by Kimura et al. (2008) . As shown in Fig. 4(a) , the TF sample exhibited noncatastrophic fracture behavior with evidence of stepwise load increases beyond the first load drop. Such stepwise load drop was observed until 100°C and the sample exhibited a fully ductile fracture at 200°C. The main crack branched parallel to the longitudinal direction of the test bar and propagated with many zigzag micro-cracks, as shown in a later figure (Fig.  6(b) ). The fracture surface (delaminating surface) consisted of a quasi-cleavage (LD) and very fine dimple structure (// LD) (Inoue et al. (2012) ). As a result, the sample did not break completely at a temperature range from 100°C to -40°C. Fig. 3 (a) Variations of (a) yield strength, i.e., 0.2% proof stress and (b) fracture properties with temperature for all samples. In (b), data points with upward-pointing arrows indicate that the specimens did not separate into two pieces during the bending load. Figure 5 shows the relationship between the J and  ys , for all samples. The results of the QT, TFA, and SM490 samples exhibited a typical strength-toughness balance, where the J decreases with increasing  ys . In particular, in the QT sample with ultra-high strength of more than 1470 MPa, the J showed a very low value of below 5 J. This is because the sample is brittle at a temperature range from 23°C to -196°C. On the other hand, the TF sample showed an unusual strength-toughness balance. First, the J increases as the  ys increases from 1500 MPa, i.e., the test temperature decreases from 200°C. After that, the J yields a maximum at near 1840 MPa which is yield strength at ambient temperature. Finally, it decreases with increasing  ys . This variation is attributed to unusual fracture behavior. The cross-sectional images of the TF sample after the bending test at 200°C, 23°C, and -196°C are shown in Fig. 6(a-c) . When the fracture is ductile (DF), the crack propagated directly across the center portions of the test bars, although some delaminating micro-cracks indicated by arrows in Fig. 6(a) were observed. As  ys increases, a significant delaminating crack propagated in a zigzag pattern along the longitudinal direction normal to the LD (Delami+DF), as shown in Fig. 6(b) . This zigzag path of the delaminating crack occurred because crack LD and crack45°LD were linked, and this behavior was repeated on the basis of the cleavage delamination mechanism (Inoue et al. (2010) ). As more  ys increases, extensive delamination starting from the initial notch root and zigzag delaminating cracks can be seen in Fig. 6(c) . However, macroscopically, the zigzag fracture paths appeared to have an angle of ±45° to the LD (Delami+BF), and finally, the samples fractured into two pieces. Consequently, the TF sample exhibited the best strength-toughness balance in all of the studied samples. In particular, the fracture manner with delamination and ductile structures had an excellent strength-toughness balance. It is interesting that the TF sample exhibited a ductile fracture at  ys =1500 MPa and that the J is about 10 times higher than that of the QT sample, which exhibited a brittle fracture at the same strength. This is considered as a difference in the brittle fracture stresses in each direction associated with microstructural features of the UFEG structure. According to the Griffith equation, the brittle fracture stress,  F , related to weak sites such as the cleavage planes or the grain boundaries is a function of the crack size (it is replaced by the effective grain size, d eff ). This has a relation of  F d eff (1/2) ; i.e.,  F becomes larger with decreasing d eff and it is independent of temperature. Therefore, the fracture stress increase with a reduction in the average grain size, and this grain-size dependence is higher than the grain-size dependence of a yield stress. The brittle fracture occurs when the tensile stress near the crack tip related to the  ys exceeds the  F . Generally, the d eff of the quenched and tempered steel with a martensitic structure such as the QT sample is reported to be packet or prior austenite grain. The d eff of microstructures such as the TF, TFA and SM490 samples is ferrite grain size. The tensile direction of the maximum stress near the notch induced by a bending test corresponds to the RD, as shown in Fig. 6(d) ; therefore, the crack generally propagates parallel to the LD, such as in 
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